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ABSTRACT 

Extruded tubes of transparent polymeric materials such 

as poly(methyl methacrylate) (PMMA) are replacing glass 

tubes in engineering practice since the former is less 

brittle. 	However, during extrusion process residual 

stressess are produced which are generally detrimental to 

the performance of these tubes. They degrade the resistance 

to external loads, heat distortion and environmental stress 

cracking, etc. 	On the contrary, in certain applications 

they are intentionally produced, an example being the 

presence of compressive stressess on the surfaces in order 

to improve fracture resistance. A knowledge of these 

stresses is, therefore, an important factor in the 

assessment of long-term serviceability of the product. 

The most commonly employed experimental technique for 

the measuremnt of residual stresses is the layer removal 

technique which is destructive in nature and quite time 

consuming. 	Also, so far its application has almost been 

restricted to. rectangular bar specimens only. However, if 

this technique is employed for circular tubes or rods, the 

deformations produced by the removal of layers and their 

analysis are quite different from those of rectangular bar 

specimens. 	Further, although the technique can be applied 

for circular rods if the diameter is not very small, there 

are several difficulties in applying it for the thin-walled 

tubes. 



In view of these difficulties, a photoelastic 

technique has been used in the present work to determine 

residual stresses in circular tubes of PMMA which exhibits 

photoelastic effects. 	This technique was originally 

suggested by O'Rourke and Saenz in order to measure residual 

stresses in glass cylinders and spheres. Recently, the 

technique has been adapted for circular rods of transparent 

polymers. This technique basically involves the measurements 

of total relative retardations at various points across the 

thickness of a tube or the diameter of a rod. These 

measurements can easily be carried out on a standard 

polariscope. 

The theoretical analysis of the technique shows that 

the total retardation across any chord is dependent only on 

the axial stress in a long specimen (assuming plane strain 

conditions) provided the stress-state is in equilibrium as 

is the case with residual stresses. The theoretical 

analysis results in Abel's integral equation, the solution 

of which is well known. However, due to some mathematical 

difficulties in using the analytical solution, a numerical 

procedure has been adopted to obtain the results. This 

procedure requires an accurate assessment of axial stress at 

the outer surface. A systematic way to obtain this stress 

has been discussed. In order to obtain other components of 

residual stresses, i.e., radial and hoop components, the 

assumption of the "sum rule" of stresses has been employed. 

(v) 



To utilize the capabilities of the photoelastic 

technique such as its being quick and nondestructive in 

nature, it was employed to study short-term relaxation 

phenomenon associated with quenching stresses. The results 

show that the relaxation occurs mainly in the core region of 

the specimen. The rate of relaxation is higher in the 

beginning. 

To establish the relative advantages of the 

photoelastic technique, its results were compared with those 

obtained by the layer removal and sectioning techniques. In 

layer removal technique, thin layers of uniform thickness 

are removed by machining the surface of rod or tube and 

measuring the deformation produced. This deformation can be 

correlated with the distribution of residual stresses. For 

this purpose an analysis based on some kinematic assumption 

is available in literature. Replacing this assumption by 

the sum rule of stresses, much simpler expressions have 

been obtained. 	Moreover, since the photoelastic technique 

also makes use of the same assumption, the comparison 

between the two techniques becomes more meaningful. 

In the sectioning technique, the difference of radial 

and hoop components of residual stresses is obtained by 

direct photoelastic analysis of a ring cut from the end of a 

tube. 	In this case, however, no information is directly 

available about the axial component of the residual stre-

sses, which is generally the most significant component. 



From the comparative study of all the three 

experimental techniques, it may be concluded that the 

photoelastic technique is the most suitable technique for 

the measurement of residual stresses in transparent polym-

eric tubes or rods. It is easily applicable and capable of 

producing afull distribution of residual stresses either 

through the thickness of a tube or the diameter of a rod. 

Further, it being nondestructive and quick, the technique 

may suitably be applied for the study of short-term stress 

relaxation phenomenon. The simplified version of this 

technique may be employed in polymer industry as a quality 

control tool. 



The implications of this assumption have been examined and 

were found to prove the validity of the assumption. 

The photoelastic technique was then employed to study 

the effects of some geometrical and thermal parameters on 

the magnitudes of residual stresses. These are: (i) the 

variation in the initial temperature, (ii) variation in the 

final temperature, (iii) tube wall thickness, and (iv) 

different cooling media. 

It was observed, in general, that residual compressive 

stresses are formed at surfaces while tensile stress is 

formed in the core region of the specimen. The initial and 

final temperatures were shown to have a distinct effect on 

the magnitudes of the stresses. The magnitudes of both the 

stresses (compressive and tensile) are found to increase 

with either increasing initial temperature or decreasing 

final temperature. 	On the other hand, the variation in 

specimen thickness only affects the tensile stresses. They 

are found to increase with an increase in wall thickness. 

Cooling in different media also influences the magnitude of 

the stresses. 

In order to further enhance the usefulness of the 

photoelastic technique, it has been simplified to an extent 

that only two measurements of total retardation are suffi-

cient to obtain the maximum tensile and compressive stres-

ses. Two empirical relations have been developed for this 

purpose. 	The results are within ± 10% of those obtained by 

the detailed analysis. 



CONTENTS 

Page No. 

ACKNOWLEDGEMENTS 	 (iii) 

ABSTRACT 	 ... (iv) 

CHAPTER 1 INTRODUCTION 	 1 

1.1 GENERAL 	 1 

1.2 ORIGIN OF RESIDUAL STRESSES 	3 

1.3 EFFECT OF RESIDUAL STRESSES 	5 

1.4 NECESSITY OF MEASURING RESIDUAL 
STRESSES 	 7 

1.5 SCOPE OF THE PRESENT 
INVESTIGATION ... 	 9 

CHAPTER 2 LITERATURE SURVEY 	 11 

2.1 GENERAL 	 11 

2.2 EXPERIMENTAL TECHNIQUES OF 
MEASURING RESIDUAL STRESSES 	11 

2.2.1 Layer Removal Technique 
	

12 

2.2.2 Optical Birefringence 
Technique 	 21 

2.2.3 Other Techniques 	25 

2.3 THEORETICAL METHODS OF PREDICTING 
RESIDUAL STRESSES 	 27 

2.4 A BRIEF DESCRIPTION OF THE 
PRESENT TECHNIQUE 	 34 

CHAPTER 3 MATHEMATICAL ANALYSES OF MEASUREMENT 
TECHNIQUES 
	

36 

3.1 GENERAL 	 36 



3.2 PHOTOELASTIC TECHNIQUE 
	

36 

3.2.1 Basic Analysis 
	

41 

3.2.2 Computation of Axial 
Stresses 	 44 

3.2.3 Computation of Radial and 
Hoop Stresses 	49 

3.3 LAYER REMOVAL TECHNIQUE 	50 

3.4 SECTIONING TECHNIQUE 	54 

CHAPTER 4 EXPERIMENTAL DETAILS 	 56 

4.1 GENERAL 	 56 

4.2 EXPERIMENTAL SET-UP 	56 

4.3 MEASUREMENT OF FRINGE ORDER 	59 

4.4 DETERMINATION OF MATERIAL 
FRINGE VALUE 	... 	 60 

4.5 DETERMINATION OF MODULUS OF 
ELASTICITY 	 63 

4.6 SELECTION OF MATCHING FLUID 	63 

4.7 EXPERIMENTAL PLAN 	 68 

CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION 
	

73 

5.1 GENERAL 
	

73 

5.2 EFFECT OF HEAT TREATMENT ON 
RESIDUAL STRESSES 
	

80 

5.3 EFFECT OF SPECIMEN THICKNESS ON 
RESIDUAL STRESSES 
	

92 

5.4 EFFECT OF COOLING MEDIA ON 
RESIDUAL STRESSES 
	

99 

5.5 EMPIRICAL RELATIONS FOR THE 
EVALUATION OF RESIDUAL STRESSES 
AND A SIMPLIFICATION OF THE 
PHOTOELASTIC TECHNIQUE 
	

106 



5.6 STRESS RELAXATION PHENOMENON 	116 

5.7 MEASUREMENT OF RESIDUAL STRESSES 
BY THE LAYER REMOVAL TECHNIQUE 
AND ITS COMPARISON WITH THE 
PHOTOELASTIC TECHNIQUE 
	

125 

5.8 MEASUREMENT OF RESIDUAL STRESSES 
BY THE SECTIONING TECHNIQUE AND 
ITS COMPARISON WITH THE PHOTO- 
ELASTIC TECHNIQUE 
	

133 

CHAPTER 6 CONCLUSIONS 	 137 

6.1 CONCLUSIONS OF THE PRESENT WORK 	137 

6.2 SUGGESTIONS FOR FUTURE WORK 	139 

REFERENCES 	 141 

ERRATA 	 145 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12

